MicroRNAs (miRNAs) function in mammalian cells via translational repression or messenger RNA (mRNA) cleavage of target genes by base-pairing with 39 untranslated regions (UTRs) of target mRNAs. Although miRNAs are involved in cell differentiation or organ development, posttranscritptional regulation of miRNA is not well understood. Here, we developed a dual-luciferase reporter system for monitoring in vivo endogenous transcription of primary miRNA (pri-miRNA) and also the mature miRNA activity simultaneously. Methods: miR23P639/Fluc plasmid carrying firefly luciferase (Fluc) under the control of miR-23a promoter was used to monitor the transcriptional level of miR-23a, and a cytomegalovirus (CMV)/Gluc/3xPT_mir23 recombinant containing 3 copies of the target sequence of miR-23a in the 39 UTR of Gaussia luciferase (Gluc) before the poly(A) tail was used to monitor the targeting activity of mature miR-23a. This dual-luciferase reporter system transfected to the same population of cells was used to monitor the increased transcriptional level of the pri-miR23a reflected in the Fluc activity and the decreased Gluc activity affected by mature miR-23a action. Fluc and Gluc activities were also imaged in vivo using the respective substrates in grafted cells in the same nude mice using an in vivo bioluminescence imager. Results: In HeLa cells and undifferentiated P19 cells, the increased Fluc activity representingthe primary miR-23a transcript level reflected the resultant increase in repression of Gluc activity representing mature miR-23a activity. However, 293 cells showed Gluc activity was not repressed as much as Fluc activity was increased, suggesting a block in the posttranscriptional processing of miR-23a transcript in 293 cells. The miR-23a expression in P19 cells before and after neuronal differentiation with retinoic acid treatment showed an increase in Fluc activity and a concomitant decrease in Gluc activity in vitro. HeLa, 293 cells and undifferentiated P19 cells grafted to the nude mice showed exactly the same pattern of luciferase activities in vivo and in vitro.
complex) (13) and base-pairs with its target mRNAs, which are perfectly or imperfectly matched with the relevant miRNA sequences (1) . This results in the cleavage of target mRNAs or the inhibition of their translation (1, 2) .
Although the knowledge of miRNA biogenesis is inadequate to understand the meaning of processing of miRNA in the cells (7, 8) , knowledge of the posttranscriptional regulation of miRNA transcripts in various cell types would give us a better understanding of the role of miRNAs in cellular regulatory pathways. Until now, Northern blotting, microarrays, and cell-specific RNA cloning approaches have been widely used to detect levels of endogenous miRNAs at various steps of posttranscriptional regulation of miRNAs (14) (15) (16) . However, these techniques are time-consuming and laborious and cannot be performed repeatedly on the same subjects. Several studies adopted green fluorescent protein (GFP) or b-galactosidase as reporters to visualize miRNA expression for ex vivo imaging (17, 18) . However, in vivo imaging using these reporter genes still suffers from invasiveness, nonrepeatabilty, or high background fluorescence as the bottleneck. Recent remarkable advances in molecular imaging techniques using bioluminescent reporter genes have provided the capability of noninvasive repeated quantitative imaging of tumor and stem cells in living animals (19, 20) .
Here, we propose an in vivo noninvasive imaging system that can monitor endogenous miRNA biogenesis and its posttranscriptional processing by using 2 different bioluminescent proteins, firefly luciferase (Fluc) and Gaussia luciferase (Gluc). Fluc was adopted from the light-emitting organ of the firefly Photinus pyralis (21), whereas Gluc was recently cloned from the marine copepod Gaussia princes (22) . These bioluminescent reporter proteins can produce light using the respective substrates. Fluc emits light with a peak at 562 nm during the oxidation of its substrate, beetle D-luciferin (benzothiazole) (23, 24) , whereas Gluc uses coelenterazine as a substrate and emits light at the 480-nm peak with a broad spectrum extending to 600 nm (22) . Fluc gene that was located downstream to a miRNA promoter was a gift from Dr. V. Narry Kim, and Gaussia luciferase gene having a miRNA target sequence was designed to reside upstream of its poly(A) tail. The transcription of miRNA is temporally controlled by its own promoter in the former vector and, thus, Fluc activity controlled by the same 59 terminal regulatory promoter of miRNAs could represent the concentration of pri-miRNA at the transcription level (18, 25) . A constitutively expressing Gluc bearing complementary sequences to a miRNA in its 39 untranslated region (UTR) is repressed in cells expressing the specific miRNA and could represent the activity of the mature form of this miRNA. These different expressions of luciferases allow both endogenous pri-miRNA and mature miRNA to be monitored simultaneously in the same population of cells, as these 2 luciferases use different substrates and have no cross-activity between these enzymes. Now, by imaging 2 luciferase activities in the same subjects, it is possible to minimize inherent variability that happens in classical biodistribution studies affected by individual differences of the animal subjects and the cultured cells and their efficiencies of transgene transfection and others.
For the development of a dual-luciferase system to follow miRNA biogenesis and its posttranscriptional regulation, miR-23a was selected (25) and the 59 regulatory sequence controlling the miR23a;27a;24-2 gene cluster was used to determine whether the degree of miR-23a transcription is cell-type dependent or differentiation-stage specific. The complementary nucleotide sequences of mature miR-23a were used to detect the endogenous level of mature miR-23a. Using this dual-luciferase system we could evaluate the expression patterns of miR-23a in specific cell types and various stages of differentiation and follow or visualize intracellular molecular events of miR-23a biogenesis in a noninvasive manner of bioluminescent molecular imaging.
MATERIALS AND METHODS
Plasmid Construction of MiR23P639/Fluc and CMV/Gluc/3xPT_mir23 miR23P639/Fluc was kindly donated by Dr. V. Narry Kim (25) . Nucleotides 2603 to 136 upstream of the gene cluster of primiR23a;27a;24-2 were fused upstream to the firefly luciferase (Fig. 1A) . This Fluc reporter system was used to monitor the expression of pri-miR-23a.
We constructed a Gluc reporter vector (cytomegalovirus (CMV)/ Gluc/3xPT_mir23) bearing 3 copies of a perfect complementary miR-23a target sequence (3xPT_mir23), which was fused immediately after the Gluc stop codon. The nucleotide sequences of the precursor has-mir-23a and mature has-mir-23a were obtained from the miRNA registry (26), and we constructed 3 copies of a perfect complementary target sequence of mature miR-23a (3xPT_mir23a) (Fig. 1B) by annealing the following oligonucleotides: 59-tcgagaatctagtGGAAATCCCTGGCAATGTGATtagtaGGAAATCCCTGGCAATGTGATtagtaGGAAATCCCTGGCAATGTGATt-39, 59-ctagaATCA CATTGCCAGGGATTTCCtactaATCACATTGCCAGGGATTTCCtactaATCACAT TGCCAGGGATTTCCactagattc-39. The doublestranded inverse sequences of 3xPT_mir23a (3xPT_mir23_inv) ( Fig. 2A) were induced by annealing the following single-stranded oligonucleotides: 59-tcgagTAGTGTAACGGTCCCTAAAGGatgatTAGTGTAACGGTCCCTAAAGGatgat TAGTGTAACGGTCCCTAAAGGtgatctaat-39, 59-ctagattagatcaCCTTTAGGGACCG TTACACTAatcatCCTTTAGGGACCGTTACACTAatcatCCTTTAGGGACCGTTACACTAc-39. The double-stranded oligonucleotide was subcloned into the Xho1 and Xba1 site of CMV/Gluc to create CMV/Gluc/3xPT_mir23 and CMV/Gluc/3xPT_mir23_inv. Three copies of perfect targets before the poly(A) tail enhanced the response of CMV/Gluc to the repressive activity of mature miR-23a.
To construct Fluc vector to overexpress pri-miR23a, the CMV promoter from CMV/Fluc vector was inserted into the Kpn1 and Xba1 sites of pGL3_basic to create pGL3/CMV. Then, we constructed the pri-miR23a sequence by annealing the following oligonucleotides: 59-tcgagccccctcacccctgtgccacGGCCGGCTGGGGTTCCTGGGG-ATGGGATTTGCTTCCTGTCACAAATCACATTGCCAGGGATTTCCAACCGACCctgagctctgccaccgaggac-39, 59-tcgagtcctcggtggcagagctcagGGTCGGTTGGAAATCCCTGGCAATGTGATTTGTGAC AGGAAGCAAATCCCATCCCCAGGAACCCCAGCCGGCCgtggcacaggggtgagggggc-39. The resulting vector, pGL3/CMV, was subsequently digested with Kpn1 and Xba1 and the pri-miR23a sequence was ligated into the Kpn1 and Xba1 sites of pGL3/CMV to create CMV/pri_miR23a/Fluc. This vector was used to check the efficiency and expression/maturation of Gluc vector activity of exogenous pri-miR-23a transfected to 293 cells to validate the CMV/pri_miR23a/Fluc vector.
Cell Culture of HeLa, 293, and Undifferentiated/ Differentiated P19 Cells HeLa cells (an adenocarcinoma cell line) were cultured routinely in RPMI medium (Jeil Biotechservices Inc.) containing 10% fetal bovine serum (FBS; Cellgro) and 1% Antibiotics-antimycotics (Cellgro). HEK 293 cells (human embryonic kidney cell line) were maintained in Dulbecco's modified Eagle medium (DMEM; Gibco) containing 10% FBS and 1% Antibiotics-antimycotics. P19 cells (a mouse embryonic carcinoma cell line) were purchased from the American Type Culture Collection. For maintenance purposes, cells were grown at 37°C in a-MEM (Gibco) supplemented with 2.5% FBS, 7.5% bovine calf serum (Gibco), and 1% Antibiotics-antimycotic in a 5% CO 2 -humidified chamber (27) . To induce neuronal differentiation, cells were then cultured under serum-free conditions in DMEM/F12 (1:1) media (Gibco) supplemented with insulin, transferrin, and selenium (Gibco) and 5 · 10 27 M all-trans-retinoic acid (RA; Sigma) according to the method described by Ying et al. (28) . After 2 d, RA was withdrawn from the medium and cells were cultured further under serum-free conditions.
Transfection of MiR23P639/Fluc and CMV/Gluc/ 3xPT_mir23
HeLa or 293 cells were seeded, at 1 · 10 5 cells per well in a 24-well plate 24 h before transfection. Transfection was performed with LipofectAMINE Plus reagent (Invitrogen), using 0.6 mg of DNA, 3 mL of Plus reagent, and 1.5 mL of LipofectAMINE per well. The functional expression of each complementary DNA (cDNA) was analyzed 48 h after transfection. All transfections were performed in triplicate.
To validate CMV/Gluc/3xPT_mir23 activity representing mature miR-23a activity, 2 validation sets of experiment were designed. First, CMV/Gluc/3xPT_mir23 was transfected to HeLa cells, which produce endogenously mature miR-23a. CMV/Gluc/3xPT_mir23_ inv was used as a negative control ( Fig. 2A) . CMV/Gluc was used as an internal control. Second, CMV/Gluc/3xPT_mir23 was cotransfected with CMV/pri_miR23a/Fluc to 293 cells, which do not produce mature miR-23a as themselves (Table 1) . CMV/Fluc was used as an internal control for CMV/pri_miR23a/Fluc and CMV/ Gluc was for CMV/Gluc/3xPT_mir23.
To examine the level of primary miR-23a transcript and the activity of mature miR-23a simultaneously, 3 sets of transfection combination were designed (Table 2) . In an ''Experiment'' set, miR23P639/Fluc and CMV/Gluc/3xPT_mir23 were cotransfected into HeLa, 293 and P19 cells to monitor pri-miR23a transcription and mature miR-23a activity simultaneously ( Table 2 , second column). In a ''Control for Fluc'' set, CMV/Gluc/3xPT_mir23 was cotransfected along with promoter-less pGL3_basic encoding Fluc as an internal control for P639 promoter activities ( Table 2 , first column). In a third ''Control for Gluc'' set, miR23P639/Fluc was cotransfected with CMV/Gluc as another internal control, which did not contain miR-23a target sequences ( Table 2 , third column). After transfection into cells, both Fluc and Gluc activities were measured using D-luciferin and coelenterazine, and relative levels of luciferase were measured by normalization to the respective internal controls.
Luciferase Assay for Fluc and Gluc Activities
Forty-eight hours after transfection, cells were washed with phosphate-buffered saline (PBS, pH 7.4) and treated with lysis buffer for luciferase assays. Luciferase activities were measured according to the manufacturer's instructions (Dual-luciferase assay system; Promega). Data are presented as mean 6 SD calculated from triplicate wells. Significant differences between samples were assessed using the Student t test. P values , 0.05 were considered statistically significant.
Reverse Transcription Polymerase Chain Reaction (RT-PCR) of Stem Cell/Differentiation Markers and Pri-miR-23a
Total RNA was isolated from cultured cells using Trizol reagent (Invitrogen). Reverse transcription for synthesizing the firststrand cDNA was performed using a random-hexamer primer and SuperScript II reverse transcriptase (Invitrogen), according to the manufacturer's instructions, and used as a template for PCR amplification. The sequences of the primers used for PCR amplification were 59-CCCAAGAACCAACAAGATGAA-39 (MAP2 forward) and 59-AATCAAGGCAAGACATAGCGA-39 (MAP2 reverse), 59-GGCGTTCTCTTTGGAAAGGTGTTC-39 (Oct4 forward) and 59-CTCGAACCACATCCTTCTCT-39 (Oct4 reverse), 59-TGAC-GGGGTCACCCAACTGTGCCCATCTA-39 (b-actin forward) and 59-CTAGAAGCATTTGCGGTGGACGATGGAGGG-39 (b-actin reverse). PCR amplifications of MAP2, Oct4, and b-actin cDNA were performed using i-Taq DNA polymerase (iNtRON). PCR products were loaded on agarose gels containing ethidium bromide, and bands were revealed under ultraviolet light. For primiR-23a;27a;24-2, first-strand cDNA synthesis was performed using a random-hexamer primer, and 59-CCCTGTTCCTGCTG-AACTGAGCCAGTGTAC-39 (reverse) and 59-CGCCCGGTGCC-CCCCTCACCCCTGTGCCAC-39 (forward) were used for PCR amplification.
Quantitative RT-PCR (qRT-PCR) of Mature miRNA23a
Small RNA was isolated from cultured cells using mirVana miRNA isolation kits (Ambion). qRT-PCR was performed with mirVanaTM qRT-PCR miRNA detection kits (Ambion) using a has-miR-23a primer set (Ambion) according to the manufacturer's instructions. To normalize experimental samples for RNA content, the U6 snRNA primer set (Ambion) was used as a control.
Grafting of Cells with MiR23P639/Fluc and CMV/Gluc/ 3xPT_mir23 and In Vivo Visualization of Expression and Activity of miR-23a in Nude Mice
The vectors miR23P639/Fluc, CMV/Gluc/3xPT_mir23, pGL3_ basic, and CMV/Gluc, were transiently transfected into 293, HeLa, or P19 cells for in vivo imaging of miR-23a biogenesis. After 24 h of transfection, cells were counted and resuspended in 100 mL PBS (1 · 10 7 cells/100 mL PBS). These cells were implanted subcutaneously into the flanks of male BALB/c nude mice (6-wk-old, weighing 25-27 g). The cells cotransfected with pGL/basic and CMV/Gluc vectors were implanted into the left sides as the control, and the cells cotransfected with miR23P639/Fluc and CMV/ Gluc/3xPT_mir23 were implanted into the right sides. All mice were anesthetized in an IVIS imaging chamber (Xenogen) equipped with a small holder connected to an isoflurane/oxygen main tank, and anesthetic gas was administered with 2.5% isoflurane gas in oxygen at a flow of 1.5 L/min.
When imaging Gluc and Fluc in the same mouse, mice were tail-vein injected with 100 mg of coelenterazine, and Gluc images were acquired 2 min later. Ten minutes after coelenterazine injection, 4 mg (150 mg/kg body weight) of D-luciferin was injected again intraperitoneally and Fluc images were acquired 10 min after D-luciferine injection. The whole-body images for Gluc activity and Fluc activity were acquired for 1 and 5 min, respectively.
RESULTS

Validation of CMV/Gluc/3xPT_mir23 Activity to Represent Mature Endogenous or Exogenous miR-23a
Gluc reporter vector containing miR-23a target sequences was tested whether it was repressed by endogenous In an endogenous model of miR23a biogenesis in HeLa cells, Gluc activity from CMV/Gluc/3xPT_mir23 was repressed by existing miR23a but Gluc activity from CMV/ Gluc/3xPT_mir23_inv used as a negative control was barely changed (Fig. 2C) . In an exogenous model of 293 cells, cotransfection of CMV/Gluc/3xPT_mir23 and CMV/ pri_miR23a/Fluc significantly repressed Gluc activity due to overexpressed mature miR23a from CMV/pri_miR23a/ Fluc plus endogenous mature miR23a, while Gluc expression from cotransfection of CMV/Gluc/3xPT_mir23 and CMV/Fluc was just decreased as much as mature miR23a endogenously expressed in 293 cells (Fig. 2D) .
Detection of Endogenous Expression of Pri-miR23a and Mature miR-23a Activity In Vitro by Fluc and Gluc Activities
Fluc activity of miR23P639/Fluc transfected cells represented high levels of pri-miR23a expression under the control of miR-23a promoter (2603 to 136). Gluc activity of CMV/Gluc/3xPT_mir23 transfected cells represented mature miR-23a activity as shown earlier.
After cotransfection of miR23P639/Fluc and CMV/Gluc/ 3xPT_mir23 into HeLa and 293 cells, Fluc activity driven by miR-23a promoter increased by 17-fold and 23-fold versus promoter-less Fluc expressions, respectively (Fig.  3A) . In the same population of cotransfected cells, Gluc activity resulting from the CMV/Gluc/3xPT_mir23 construct was repressed about 3-fold in response to endogenous mature miR-23a in HeLa cells; on the other hand, Gluc repression was barely observed in 293 cells (Fig. 3B) . The lack of repression of Gluc activity observed in 293 cells represented a low amount of endogenous mature miR-23a. This lack of a correlation between pri-miR23a expression and the mature miR-23a level in 293 cells implied that there was a partial block in the processing of pri-miR23a to mature miR-23a in these 293 cells.
In RT-PCR with primers specific for pri-miR23a to compare the primary transcript level, the quantity of primiR23a was greater in 293 cells than that in HeLa cells (Fig. 4A) ; however, in a real-time RT-PCR to quantify endogenous mature miR-23a, the quantity of mature miR23a was greater in HeLa cells than that in 293 cells (Fig.  4B) . Thus, Fluc and Gluc activities and their match or mismatch of relative quantities in HeLa and 293 cells concurred with the quantities of primary transcript and mature form of miR-23a on RT-PCR and qRT-PCR.
Changes of Functional Expression and Processing of miR-23a During P19 Neurogenesis In Vitro
To observe the functionally variable expression of miR23a during neurogenesis, in a mouse embryonic carcinoma cell line (P19 cells), that differentiates into neuronal cells when treated with RA, we investigated the pattern of expression and posttranscriptional processing of miR-23a (27) . Neuronal differentiation was induced by stimulation with RA under serum-free conditions (Fig. 5A) and was confirmed by the disappearance of the Oct4 (stem cell) marker and the appearance of the MAP2 (neuron) marker (Fig. 5B) . miR23P639/Fluc and CMV/Gluc/3xPT_mir23 were cotransfected into P19 cells in undifferentiated states and after 3 and 9 d of differentiation (1 and 7 d of RA withdrawal after 2 d of treatment). Fluc activity, which was 10-fold higher in undifferentiated cells compared with that of the negative control, decreased with neuronal differentiation (Fig. 6A) . This decrease represented the decreased expression of pri-miR-23a in differentiated neuronal cells. Gluc activity, which was repressed by 20% compared with that of CMV/Gluc activity in undifferentiated P19 cells, increased because of the decreased amount of mature miR23a (Fig. 6B) .
The amount of primary transcript of pri-miR23a decreased on RT-PCR in differentiated P19 cells (Fig. 6C) , and the amount of mature miR-23a decreased concordantly on qRT-PCR compared with that of undifferentiated cells (Fig. 6D) . These data showed that miR-23a expression and its mature form decreased during P19 neurogenesis after RA stimulation. The dual-luciferase system enabled in vivo visualization of HeLa (n 5 2), 293 (n 5 3), and undifferentiated P19 cells (n 5 3) cotransfected with miR23P639/Fluc and CMV/Gluc/3xPT_mir23, which was also quantified by region-of-interest (ROI) analysis. Figure 7 depicts representative cases, and all mice showed similar results (Supplemental Figure 1 , which provides another example for 293 and P19 cells, is available online only at http:// jnm.snmjournals.org). In the mice grafted subcutaneously with HeLa, 293 and P19 cells cotransfected with miR23P639/Fluc and CMV/Gluc/3xPT_mir23, Fluc activity and Gluc activity from the control group were observed on the left side and the luciferase signal from the experimental group was observed on the right side of all animals. From both ROI and in vivo imaging analysis, Fluc activity increased substantially on the right side, showing an increase in expression of miR-23a in each grafted cell compared with the background bioluminescence emitted from the control groups. Gluc activity decreased markedly only in HeLa cells and undifferentiated P19 cells but not in 293 cells. In the in vivo model of animals, the concordant expression of primary transcript of miR-23a and the activity of mature miR-23a was documented in HeLa cells, and this was also the case with undifferentiated P19 cells. However, in 293 cells, the expression of primary transcript of miR-23a was found in vivo with barely visible mature miR-23a activity; thus, this primary transcript did not appear to be processed further to mature miR-23a, which had been observed in the previous in vitro experiment.
DISCUSSION
Animal genomes appear to contain at least 500 miRNAs that target thousands of genes that are involved in cellular differentiation and regulatory pathways (29) . Some of these miRNAs are organ-specific or tissue-specific within an organ, whereas others are ubiquitous-reflecting different roles of miRNAs in different cells. Although miRNA biogenesis is not fully understood, studies of miRNA expression patterns during cellular development or in various cell types might provide meaningful insight with regard to miRNA functions. Unlike other mammalian mRNAs, miRNAs are much slower at converting from their primary transcripts into their active forms; this requires simultaneous assessment of the expression patterns of pri-miRNA and mature miRNA activity at the cell level to understand the precise role of miRNA action in cellular development.
The dual-luciferase reporter system enabled us to monitor simultaneously the endogenous expression of pri-miRNA and the activity of mature miRNAwithin the same population of cells by visualization in vivo as well as in vitro. Firefly luciferase activity representing the primary miR-23a transcript level and Gaussia luciferase activity representing the mature miR-23a level were correlated in HeLa cells and undifferentiated or differentiated P19 cells-that is, increased Fluc activity of the primary transcript level was accompanied by repressed Gluc activity influenced by an This increased Fluc activity decreased in differentiated P19 cells on day 3 and was further reduced on day 9. (B) Compared with CMV/Gluc, CMV/Gluc/3xPT_mir23 transfection revealed decreased Gluc activity, which represented higher mature miR-23a activities. This decrease of mature miR-23a activity was improved in differentiated P19 cells on day 3 and was further improved on day 9. There was a concordance between higher expression of pri-miR-23a and high activity of mature miR-23a in undifferentiated P19 cells and decreased, but-still-present, expression of pri-miR-23a (Fluc) and decreased repression (increase) of mature miR-23a (Gluc) in differentiated P19 cells during neurogenesis. Data are expressed as means (6 SD) of triplicates. (C) RT-PCR of pri-miR-23a showed that expression of endogenous pri-miR-23a was reduced during P19 neurogenesis after RA treatment. b-Actin was used as control. (D) Real time qRT-PCR of mature miR-23a showed that endogenous mature miR-23a levels were reduced after P19 neurogenesis. U6 snRNA was used as control. Data are expressed as mean 6 SD of triplicates. DDCt 5 DD threshold cycle (DCt 5 Ct miRNA 2 Ct U6RNA , DDCt 9d 5 DCt 9d 2 DCt 9d , DDCt 3d 5 DCt 3d 2 DCt 9d , DDCt un 5 DCt un 2 DCt 9d ). increased mature miR-23a level. However, in 293 cells, although the level of primary miR-23a transcript was high, Gluc activity was not repressed by mature miR-23a as much as that of Fluc activity. The dual-luciferase reporter system could disclose this mismatch in the level of pri-miR23a and the level of the functionally active mature miR-23a in 293 cells. This disclosure indicated the capability of our system for assessment (in vitro) and visualization (in vivo) of posttranscriptional regulation of miR-23a (7, 8) . This discrepancy in expression between endogenous pri-miR23a and mature miR-23a in 293 cells is possibly related to some unknown mechanism that regulates mature miRNA biogenesis during the Drosha or Dicer processing steps (30) . The primary miR-23a was produced at a higher level than the resultant mature miR-23a, indicating a delay of Dicer processing, holding back the release of premiR23a from nucleus into cytoplasm, blocking Drosha function, or a fast turnover of mature miR-23a.
We also found that the expression of endogenous miR-23a decreased during P19 neurogenesis using this dual-luciferase reporter system. Gradual reductions in pri-miR23a and accompanying reduced activity of mature miR-23a were observed, during P19 neurogenesis, by determining decreased Fluc activity and increased Gluc activity. In undifferentiated P19 cells, the relative functional levels of mature miR-23a were higher than those in 293 cells and HeLa cells, and during differentiation this activity decreased and Gluc activity increased twice. And this decrease in mature miR23a activity was closely associated with the decrease in the transcription of pri-miR-23a represented by the decrease of Fluc activity during neuronal differentiation. These results imply that miR-23a plays a role in neuronal differentiation. However, miR-23a expression and posttranscriptional processing is not specific for neurons. During neurogenesis, miR-9, miR-142a, miR-124b, miR-135, miR-153, miR-183, and miR-219 are reported to express exclusively in neurons, and miR-9*, miR-125a, miR-125b, miR-128, miR-132, miR-137, and miR-139 are known to be highly enriched (31) . The relative roles of these miRNAs during neuronal differentiation or neurogenesis might be elucidated using our methods, whereas the individual and concerted action of these miRNAs will be proven to play roles in neurogenesis. Specific or nonspecific roles of miR-23a are of interest during neurogenesis.
Furthermore, the observed differential expression or posttranscriptional regulation demonstrates that the expression patterns of pri-miR23a and mature miR-23a are associated with the maintenance of tissue identity in cell lines as their expression patterns are uniquely significant in cancer cells (8). The synthetic CMV/Gluc/3xPT_mir23 construct might indirectly demonstrate one of the miRNA functions-mRNA destabilization by perfectly base-paring with mature miR23a even though there is no perfectly complementary sequence of mature miR-23a in the mammalian genome and such an miRNA molecular mechanism happens in plants. For imaging its target mRNA destabilization regulated by mature miR-23a, gene expression analysis using microarray or differential-display PCR and bioinformatics analysis using a PicTar WEB INTERFACE database (a project of the Rajewsky laboratory at New York University) will be helpful to find miR-23a-downregulated genes directly bound by a mature miR-23a seed sequences or a miRNA response element (MRE). In vivo dual-luciferase imaging of both the CMV/Gluc/ 3xPT_mir23 construct and a reporter construct containing a MRE located in the 39 UTR of Fluc will provide the information on how miR-23a is generated and how it is functionally acting to destabilize its target mRNA simultaneously. In this investigation, miRNA functional action was not proposed to be visualized during cellular development. We just proposed the proof of concept that the dual-luciferase system might follow the changes of expression or posttranscriptional regulation of a miRNA. In future studies, we will attempt to make this method into a high-throughput one covering all of exclusively expressed miRNAs in a certain specific tissue. Making cell lines persistently express the dual-luciferase system is also a prerequisite to apply this system to follow the longitudinal changes of expression or posttranscriptional regulation of miRNA biogenesis and its mechanistic implications in neuronal development. Notwithstanding these future directions of the mandatory development, we can state that in vivo noninvasive visualization of posttranscriptional miRNA-regulation is now feasible.
The methods currently used to study miRNA expression patterns during neuronal development are Northern blotting, microarrays, and tissue-specific RNA cloning. These modalities are time-consuming, laborious, and inconvenient and, especially, require the sacrifice of animals to monitor miRNA biogenesis. This devised noninvasive imaging methodthough not quantifying the precise amount of pri-miRNA and mature miRNA,-allows us to examine their expression levels simultaneously, and this measurement is repeatable in vivo without sacrificing the animals. Because there is ample reason to believe that the expression patterns of pri-miRNA and mature miRNA represent the posttranscriptional regulation of miRNAs and are related to organ or tissue development (29, 30) as well as carcinogenesis (29, 30, 32) , we believe that our technique is useful to probe miRNA biogenesis during neuronal development. Of course, this technique can be applied to follow myogenesis, osteogenesis, and organogenesis in general or other cellular events. The variability in ex vivo monitoring of in vivo cellular events in which animals are sacrificed is minimized by luciferase imaging repeatedly using the same animals with the same grafted cells; thus, the application of molecular imaging to miRNA expression profiling offers a substantial advantage to studies on the dynamics of miRNA sets in vivo. When one considers the difficulty of measuring miRNA expression repeatedly in living animals using traditional techniques, our system is the solution to evaluate the spatial and temporal expression of miRNAs via real-time monitoring and quantitative analysis.
CONCLUSION
Our dual-luciferase reporter system is proven to be useful to noninvasively monitor the expression and regulation of miRNAs and may provide an understanding of cellular development as well as pathobiology related to various miRNAs in living organisms.
